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ABSTRACT

The variables influencing erosion in wet-vapor turbines are identified
and discussed in this Memorandum. Information is presented that was
obtained from a visit to research installations in Great Britain during
October of 1965. The applicability of this information to the formula-
tion of an analytical model of erosion in liquid-metal vapor turbines is
indicated. Phenomena for which results are given ar¢ moisture forma-
tion, moisture collection, droplet shedding, droplet breakup, liquid
impact, and material removal. Analvtical expressions are indicated for
moisture formation, moisture collection, droplet breakup, and liquid
impact. Experimental results for droplet shedding and material removal
are summarized. The sizable scatter of experimental data from mate-
rial removal experiments and the lack of sufficiently accurate liquid-
metal property data will limit the accuracy of the analytical model to
be formulated.

I. INTRODUCTION
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Several government sponsored research programs are
currently oriented toward developing a technology for
alkali metal vapor turbines. Power systems using these
components are contemplated for the post-1970 period
when power requirements should be in the multi-hundred
kw range either for missions using electric propulsion or
for auxiliary power. In order to attain high cycle offi-
ciencies and low system weights, such turbines will have
several cxpansion stages. The low pressure stages will
operate in the wet-vapor regime and, as a consequence,
blade erosion and performance losses due to lignid im-
pact may occur, Unfortunately, the information presently
available on erosion in liquid-metal vapor turbines is
inadequate for design of reliable units. For this reason,
two programs on the subject of erosion in potassium

vapor turbines were initiated by NASA Office of Advanced
Rescarch and Technology {OART. These investigations
are currently being directed by JPL.

Although the problem of blade erosion in steam tur-
bines has been attacked for many vears, it still exists, The
pust approach has been to decrease erosion by using
harder blude materials or facings and by removing mois-
ture. This method has given satisfactory results for mod-
erate tip-speeds. However, the attainment of higher
tip-speeds and  lower quality steam du somie modern
units have demanded o more fundamental nnderstanding
of the factors influencing erosion, For this reason, there

Carried out under Contracts NAS 7-390 and NAS 7-3G1.
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has arisen in Great Britain a significant research effort
including the fields of moisture formation, moisture col-
lection, droplet shedding, droplet breakup, droplet im-
pact, and material removal. By comparison, the efforts in
these fields in the United States have been quite modest.
Because the valiue to the potassium programs of the
British work with steam was apparent, the author visited

the appropriate research installations during 25 to 29
October 1965. Table 1 summarizes the laboratories vis-
ited and lists personnel contacted, together with their
areas of technical interest, The following Report, in addi-
tion to presenting the information exchanged, applies
the findings to the problem of erosion caused by liquid
metal impact.

Table 1. Laboratories and personnel visited

Laboratory

Lacation

Marchwood Engineering Jouvthampton, Englond

Ltoboratory i

Central Electricity Leotherhead,

Research Labormory' Surrey, England

Cavendish Laboratary Cambridge, England

National Engineering East Kitbride, Scotland

Laboratory

s e e o e e i e e e e

Persons contacted Technical areas discussed
J. L. Eaton Erosion test resulls
D. Pearson Material removal mechanisms
Liquid impact pressures
D. G. Christie Droplet formation and collection
G. C. Gardner Droplet shedding and breakup
M. Moore Impact damage mechanisms
K. H. Jolliffe Crystailine damage effects
Instrumentation
1. E. Field liquid impact pressure
J. H. Brunton Impact damage mechanisms
G. P. Thomas Surface influence on damage
M. J. Wilson Material removal mechanisms
. M. Hobbs Erosion and cavitation test results
. T. Jamieson Surface influence on damage
Accommodation coefficient for condensation

II. MOISTURE FORMATION

That sub micron droplets are formed in vapor during
the expansion process appears to be one of the least
controversial subjects of turbine erosion. The consensus
at the Central Electricity Research Laboratory (CERL)
was that Gyarmathy’s (Ref. 1) treatment of this phe-
nomenon was adequate and could be extended to liquid
metal vapors, providing the proper values of Auid prop-
erties were known. The results of his calculations have
been validated by Ris tests at Brown Bovari (Ref. 2) and
are in general agreement with other work. Probably the
most important point made in Gyarmathy’s thesis is that
performance loss due to moisture—and. hence, to erosion
—can be reduced if the reversion point (Wilson line)
oceurs in a region of high pressure gradient. The location
of the reversion point in a high pressure gradient reduces

the size of the condensation droplets. The formation of
smaller droplets in the flow reduces the amount of mois-
ture collected and, subsequently, shed in damaging form
from the stator blades. It is believed at both CERL and
Marchwood that control of this initial droplet size is a
promising technique for reducing erosion damage,

The actual thermodynamic location of the Wilson line
for potassium vapor is not presently known. However,
cloud chamber experiments have been conducted for
other polymer vapors (Ref. 3), and future tests with
potassium are planned.

The possibility also exists that the geometric location
of the reversion point can be fixed by the creation of



artificial condensation nuclei by the introduction of ion-
izing radiation or electric fields. Countrol of the initial
droplet size through this mechanism is a design technique
that should be considered for reducing potassium turbine
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erosion. Small-scale steam turbine tests could probabh
establish the validity of this approach and determination
whether or not sufficient artificial nuclei can be intro-
duced to fix the location of the reversion poit.

itl. MOISTURE COLLECTION

The collection of the sub-micron condensation droplets
on both static and moving swrfaces in the turbine is a
subject of considerably more controversy. Gardner main-
tains that, depending on the droplet size. the collection
is due either to eddy diffusion or to Brownian movement,
Gyarmathy, on the other hand, considers centrifugal
forces on the droplets in the free stream to be the sole
mechanism resporsible for the collection. For the example
in Gardner's paper (Rel. ), these differing assumptions
give approximately the sime answer. However, for other
sizes of condensation droplets, the predicted collection
rate can differ by more than an order of magnitude (as
would the predicted erosion rated Moreover, Gardner's
model shows a minimum collection rate as a function of
droplet diameter. Below this diameter, Brownian move-
ment is more important than eddy diffusion, and collec-
tion increases as size decreases. This result, if valid, would
place a lower lHmit on the effectiveness of uny scheme
to reduce the size of droplets formed in the condensation
process. Two factors support the use of Gyarmathy's
equations:

1. His predictions for performunce loss due to moisture
are in geoeral agreement with the standard em-

pirical rule ot ~ 2% efficiency Ioss for cvery 17%
of moisture.

2. His equations are based on potential flow and em-
pirical relations for impact separators, Since, uc-
cording to Gardner, the: boundary-layver displacement
thickness is on the order of 1 to 5% of the channdl
width, it would seem that potential ow caleulations
iy be justified.

The main uncertainty in Gyarmathy’s caleulation is
the influence of free-stream turbulence from upstream
stages. Gardner agrees that one possible method of ye-
solving which model is correct would be to conduct
cascade tests where the blade curvature is systematically
varied and moisture collection is measured optically. In
this test. the droplets would have to be produced by an
upstream turbine to be in the proper size range.

In the absence of any other information, the above
reasons would probably favor use of Gyarmathy's equa-
tions at this time.
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IV. DROPLET SHEDDING AND BREAKUP

Once the moisture has been collected on the stator
hlades, it has an opportunity to coalesce into larger liquid
masses. When drplets. are subsequently shed, they are
much arger than the condensation droplets and can
produce comsiderable damage when impacted by the
moving blades. '

A, Detachment

Motion pictures taken at CERL in an operating tur-
bine and in a cascade show droplet sizes of 150 to 15300 g,
which are much larger than condensation droplets (<2 1 ).

The pictures at CERL were taken at both normal (16
frames/sec and high speed (83000 frames/see). These
films clearly show the processes of droplet and film
growth, detachment, and acceleration. However, the
quantitutive results obtained may have been influenced
by the specific blade design to the extent that they are
not representative of what occurs in a well designed tur-
bine. Figure 1 is a sketeh of the blade geometry being
tested, and of the arcas of droplet and film attachment,
The abrupt changes in profile and the blunt trailing edge
clearly cause suhstantial How separation with attendant
low-velocity wakes, The low-velocity regions provide
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locations for the droplets to coalesce and grow to large
sizes before being detached from the blade.

The very interesting process of detachment might be
amenable to analysis. The following steps can he seen
in the films of the trailing-edge droplets (shown in Fig. 2).

T

. A droplet grows to a size that is about equal to the
trailing-edge thickness of the blade, itself.

19

Bernoulli and drag forces occur when the liguid
mass grows larger than the wake region und is sub-
jected to a higher vapor velocity.

3. The above forces cause a flow in the direction of the
free vapor stream.

4. Surface tension causes the drop to recover and re-
verse flow.

5. Oscillations are thus set up that grow in amplitude
until the surface-tension force is not suflicient for
recovery and the tip of the droplet strips off, forming
several smaller droplets.

The oscillations were very regular and appeared to

have a period of about 2 to 3 msec for the flow condi-
tions tested. No analytical treatment of this problem is

BREAK

VAPOR
FLOW

Fig. 1. Nozzle blade tested in CERL steam tunnel, showing areas of attachment and design features



PERIOD OF OSCILLATIONS ® 2 TO 3 msec
~5 TO 10 DROPLETS SHED FOR EACH CYCLE
~5T0 10 OSCILLATIONS / CYCLE

VAPOR VELOCITY 700 TO 1000 ft/sec
DROPLET SIZE 360 TO 1700 u

 NON-WETTING OF SOLID SURFACES BY DROPLETS :

«n—-—-—-—- VAPOR FLOW

1ne'] - G///}

Q//
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Fig. 2. ObseNed stages in droplet shedding process
from trailing edge of nozzle blade

currently available. If it were, additional information
about the velocity field would probably be required be-
fore a useful estimate of the detachment size could be
made,
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The locations of droplets and rivulets in an operating
turbine are shown in Fig. 3. This drawing was made at
CERL from films taken of the stator through the last
row of rotating blades, The maximum’ diameter of the
droplets upon detachment was approximately 400 g,
which is large e¢nough to cause considerable damage.
Once again, evidence exists of marked secondary How
and wake effects. Stationary droplets exist on both the
trailing edge and on the convex blade surface. The heavy

How from the corner of the nozze responsible for blade

notching is clearly evident in these pictures,

The moisture collected on the stutor blades in the
steam tunnel was produced by upstream injection. The
injected moisture particles (which have a size range of
20 to 50 u) have been observed, in streak photographs, to
rebound from the blade surface. Christie, of CERIL, be-
lieves this sccondary stream of large droplets has little
influence on the actnal sheddiug process. This conclusion
is partially supported by the similarity of the departing
droplets to those observed in a rotating turbine. How-
ever, future tests will be conducted by CERL with mois-
ture njection through the blade surface, itself,

The consensus at CERL seemed to be that o marked
improvement in both the size of droplets shed and the
subsequent stream breakup process. could be attained by
improved blade design. The contours should be caretully:
comtrolled to give pressire gradients und turning angles
that will avoeid sepuaration.
by Stabhl's results (Ret.
consideration in the design of the wet-vapor turbine

This conclusion is confirmed
34 and should he given careful

B. Breakup

Onee the stator droplets are detached and exposed to
the freestream or wake velocity, the opportunity exists
for.an additional size reduction due to breakup, How--
ever, the breakup reguires o finite time, which may be
longer than the time for the droplet to transverse the
distance from the stator to the rotating blade. High speed
motion pictures, ~ 2 ¥ 107 frames/see, and streak photo-
graphs have been used at CERL to provide inforination
on the droplet acceleration process.

Figure 4 is a plot of droplet velocity, at a fixed dis-
tance from the stator blade in the steam tunnel, as a
function of droplet size.

The velocity shown is the freestream velocity—which,
of course, may be very different from the local wake
veloeity to which the droplet is exposed. The curves show
a velocity and pressure (vapor density) effect that would
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A~ WATER STREAMS IN CORNER OF NOZZLE
B~FLOW INSTABILITY CAUSING BREAKAWAY OF WATER A
- WATER CONCENTRATED BY SECONDARY FLOW IN NOZZLE
O~ WATER DROPS SHEDDING AT PREFERRED POSITIONS (VERTICAL ARROWS}
E—~AREA OF FLOW SEPARATION CONTAINING WATER
F~-UP STREAM LIMIT OF VIEW DUE TO INCLINATION OF PERISCOPE
HORIZONTAL ARROWS INDICATE DIRECTION OF MOVEMENT OF WATER DROPS

Fig. 3. Sector of last low-pressure diaphragm shoWing sources of erosion-producing water drops on the
downstream convex face and outlet edge of fixed nozzle blades 2 to 6 (after CERL)

be expected. Higher values of vapor velocity and density
generally result in more rapid acceleration of the liquid
droplets. Also, smaller droplets are accelerated at a
higher rate than are larger droplets. The excessive scatter
and the apparently anomalaus trends were probably due
to variations in spatial location of the shed droplets that
changed the value of local vapor velocity to which they
were exposed. The results of Fig. 4 could prove useful
by enabling calculation of the wake velocity, which
would be required to produce the measured droplet
velocity. This wake velocity might then be related to the
observed diameters of shed droplets to gain insight into
the shedding process and be used to provide estimates
of the droplet residence time.

The time required for breakup is usually obtained by
taking the shorter of the times calculated for breakup,

considering the bag-bursting mechanism or Taylor strip-
ping mechanism (Refs. 5, 6). Gardner feels that the re-
sults for both breakup time and final diameter obtained
in this way are adequate. provided the wake velocity is
known. As examples of the values of break times calcu-
lated, Gardner presents the following:

Steam velocity 1200 ft/sec
Steam specific volume 200 ft*/1b
Droplet initial size 200 p
Critical diameter 100 p
Breakup time for bag-bursting

mechanism 1.84 X 10 * sec
Breakup time for Taylor

stripping mechanism 0.41 X 10~ sec
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Fig. 4. Droplet velocity vs droplet size at a location’
downstream from statar blades in a wet
steam tunnel (after CERL)

Thus, for this example, the Tavlor stripping mechanism
would predominate, The cquations and assumptions used
to obtain these results are discussed in detail in Gardner's
paper (Ref. 4).

The optics system installed in the operating steam tur-
bine has also been used to obtain Xenon flash photo-
graphs of droplets arriving at the rotating blades. The
maximum diameter observed was 450 x which is about
the same value as the maximum size shed. This indicates
little or no breakup is occurring in the interval between
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the droplets leaving the stator and arriving at the rotor
blades. Certainly this size is significautly greater than
the critical size of 100 w caleuluted by Gardner for the
freestream velocity. Since the caleulated time for breakup
is less than the residence time, the larger droplets are
probably traveling in wake regions that persist over the
entire gap. Analysis of these pictures gave the results
recorded in Table 2.

Table 2. Droplets arriving qf rotating blades

Turbine load
Erosion parameter S S A A
100 % 60 % 40 %

Drops/hrfunil-ares reaching 4.2 9.4 12.5
last stage X 10" .
Mass flow/hr/unit- aren reaching 0.032 0.058 0.105
last stage
Relotive eroding copacity 1.0 1.9 1.6

The erosion problem is scen to be more severe at
partial turbine loads than at full load conditions. This
effect is probably duce to the lower vapor velocities ex-
perienced at these conditions.

To summarize, the CERL pictures showed the depar-
ture of very large droplets from the stator blades and
their subsequent arrival at the rotor bliades. These drop-
lets were large enough, ~ 400 4, to cause considerable
damage. However, the large sizes observed were prob-
ably a result of the poor blude geometry, which produced
sizable wikes and secondary flow. With better blade
design and/or wider spacing, the droplet size in this
turbine could prohably be reduced to ~ 100 . Design
programs are available that are capable of producing
good aerodvnamic profiles in a wet-vapor turbine and,
therchy, reduce erosion problems. Prediction of the ar-
riving droplet sive and optimum blade spacing can prob-
ably be accomplished: however, it will require knowledge
of the wake characteristics and an analyvsis of the
shedding phenomena in order to use existing breakup
analyses.
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V. LIQUID IMPACT

The pressures generated. by liquid impact and the du-
ration and area of application have been the subjects of
considerable analysis and experimentation by the group
at Cambridge. According to Bowden and Field, the peak
pressure for impact of either a spherical or cvlindrical
liquid mass on an incompressible solid surface is given
by the water hammier relation:

P = peu

where p is pressure, p is liquid density, ¢ is the speed of
sound in the liquid. and ¢ is impact velocity. This relation
is based on the elastic compression of the liquid and on
the assumption that no particle veloeity is imparted to the
fluid until the pressure release wave arrives from the liquid
boundary. This result differs from that of Engel (Ref. 8)
who assumes a particle velocity o exist immediately upon
impact and obtains the expression

P oapee

where o -« 0.39 for water on aluminum,

The former equation used with the impacting jet or
~droplet area vields approximately the value of peak im-
pact load This load was measured with a piczoclectric
load cell at Cambridge. For these experiments, an aver-
age pressure of 134000 psi was measured vs 133,500 psi
predicted by the first relation (Ref. 9). It therefore ap-
pears that use of the Caumbridge relation is preferred on
the basis of experimental results and the fact that it
predicts the more conservative value of impact pressure.

Pearson. at Marchwood Laboratory, pointed out that
serious errors may result if the values of p and ¢ are not
corrected for pressure. For example, an impact velocity
of 1000 ft/sec vields a predicted pressure of 30 tons/in*
without pressure corrections. With the proper correc-
tions. . pressure of 40 tons/in? would be predicted. As
a result of these compressibility effects, the pressure is
proportional to V* !, instead of to V.

Part of the problem of erosion is that the pressures
predicted at the lower-impact velocities producing mate-
rial loss are lower than the yield or fatigue strengths of
materials.

The possibility of local high pressures being produced
by cavitation in the impact process has been suggested

CLOUD OF
FREE SURFACE CAL\{/ngTtON
: BUBBLES

REFLECTED WAVE

Ve
/ / COMPRESSION
™ WAVES

1 )
7////////1//////// 7

\— WALL

Fig. 5. Schematic of cavitation induced by pressure
release wave {after G. P. Thomas, Ref. 11)

IMPULSE

previously (Ref. 10). Photographs have been taken at
Cambridge that show extensive cavitation behind the
reflected compression wave from a free-liquid surtace.
Figure 3 shows this behavior schematically. Since the
local stresses from a collapsing bubble can be several
times the stress from the original liquid impact, this is a
possible mechanism to start local surface yielding in
multiple-impact erosion {see Section VD). This may be
particularly significant since Jolliffe has noted that the
initial pits in erosion specimens have a smooth. melted
appearance with crater lips, as though material flow
were present.

The work on micro-jets (Ref. 11} at Cambridge has
also identificd a phenomenon in which impact pressures
greater than pev for the bulk liquid can occur. Velocities
are observed for these fine liquid struetures which range
from 2 to 3 times that of the impacting droplet. The jets
can occur either in the form of spike leading the main
droplet or as a transverse flow after impact of a spherical
droplet {as previously noted by EngeDh. Central pits have
been observed in single-impact craters, which are ob-
viously a consequence of the impact of these high velocity
jets (Ref. 113

Both the duration and the area of application of the
peak impact pressure are important to material removal.
The duration is usually taken to be the time required for
the pressure release wave to arrive at the center of im-
pact for the liquid column or droplet. Thus, the size of
the impacting liquid has a definite effect on its erosive
properties. Hobbs, for instance, has determined that the
damage is proportional to diam®. This would be expected
because of the combined effect of increased duration and
impact area.
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VI. MATERIAL REMOVAL

A. Removal Mechanisms

The mechanism of ‘material removal for multiple im-
pacts is not well understood. However, the basic experi-
ments at Cambridge and CERL have shed some light on
the problem. In both of these investigations, specimens
are subjected to low-velocity impacts and periodically
examined to ascertain dmng_,m in the material. Ay de-
seribed elsewhere (Ref, 12), resulting damage appears in
several successive steps:

1. Small depressions are formed in the surface without
material removal.

ro

Grain houndaries become more pronounced;
whether this is cansed by slip, corrosion, or grooving
is not known.

3. Small pits and craters are formed; wsaally in the
depressions noted. Still no weight Toss is measurable
at this stage of damage.

1. Removal of metal ocours in the pits by tearing. in
ductile metals, or cracking, in more brittle metals
At this stage, weight Joss s measurable.

The depressions formed were independent of surface
treatment. The population wias the same for single crystals
or polyervstulling materials, These depressions occur at

values of impact pressare much below the vield or futigne
strength of the matenals wsted For example, depres-
sion in copper ocenrred at velocities of 100 ft/sece, which
vield a predicted stress of pov 3750 psi. This can be
compared to the yield stress of 21,500 psi or to the fatigue
strength of 11,000 psi. The reason for this bhehavior s
believed to be local defects in the material. rather than
the oceurrence of impuct pressures higher than those
predicted, Support for this point of view was presented
by Thows, who conducted an experiment in which a
surfice was subjected to evdlic hvdrostatic pressures of
the same magnitude as the predicted tmpact stresses, The
appearance of the surface after about 5000 cveles was
identical to that of the surfaces subjected to Tiguid im-
pact. The dimpled appearance bas, also, been observed
by Hobbs on aluminem walls subjected to cavitation,

The work of Jolliffe has, also, supported the conclusion-

that material flaws may be responsible for the initiation
of erosion. He has observed local vielding at stresses
sigmificantly below the average vield strength. The use
of chemical etch pit techniques on lithium fluoride single
crystals has revealed that single-impact damage occars

on a crystalline scale at the lowest velocities tested
{(~ 200 ft/sec). This result. together with the Cambridge
work, tends to refute the concept of threshold velocity
below which no damage occurs. ‘

The pits that oceur after observation of grain boundary
grooving have no particular orientation. Jollifte has ob-
served that there is a tendeney for these pits to start in
the vicinity of triple intersections. A melted type of ap-
pearance is observed with a crater lip wnd very clean
surfaces. For these reasons the mechanios of formation
iy be somewhat different from those for the depres-
sions. although Thomas savs they are direct extensions of
the depressions. The possibility was suggested that some
type of cavitation phenomenon, corrosion fatigue or adia-
hatic compression effeets, mayv be responsible for initia
tion of these pits. Tt seems clear, however, that the initial
depressions are necessary before development of the pits
oceurs, Thev may be due simply Lo the stress concentra-
tion resulting from progressive dislocations of detects in
the material,

Material removal oceurs in the pits. For the case of
brittle metals, cracks propogate from the bottom of the
pit. When they meet, particles of vuaterial are dost e
Fig. 60, The crucking which iy apparently independent
of the direetion of impicct, may be either intergranulay or
travseranular. In ductile materials, removal i accoms
plishied by tearing. and a rounded pit is formed, The
erasion pits produced have a very large ratio of depth to
width. Fignre 6 is a schematic representation of a heavily’
eroded structure,

/, e MBTE R AL
e e T Vo REMOVED B8Y
S Py f‘i TLARING
SR A U
U Y !
LARGE RATIO OF | DUCTILE METAL
PIT DEPTH TO
WIDTH ABOUT - ORIGINAL
£QUAL TO - P_\ SURFACE
DROPLE T ' % - CRACKS FDRM
CIAMETER { L{ ﬁribrl AT BASE OF
‘vl /é ‘L PIT AND JOIN
1O REMOVE
BRITTLE METAL MATERIAL

Fig. 6. Typical appedronce of erosion test specimens
at Marchwood Laboratory
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In the specimens at Marchwood, the original surface
was seen on some peaks when the depth of material
removal was as high as s in. The peaks apparently
_remain because as the impact area becomes smaller, the
duration of the application of the peak impact pressure
becomes very short. For example, it has been observed
at CERL that when pins are tested in jets the erosion
rate is much smaller than it is for plane surfaces.

B. Experimental Results

Several experimental results have been obtained that
furnish information on the rate of weight loss for
multiple-impact erosion. These experiments are not di-
rectly applicable to liquid metal erosion because of dif-
ferences in such characteristics as fluid acoustic properties,
material properties, temperature, and the corrosive nature
of the fluid. However, general trends are indicated that
may prove uscful in turbine design.

One of the most significant aspects of these tests results
is the large scatter of data occurring. Pearson, at March-
wood, has conducted tests where material specimens are
mounted on rotor arms and passed through water drop-
lets, Impact velocities were varied from 400 to 1000 ft/sec
and drop size from 350 to 1000 ». For identical specimens
—machined from the same piece of material, mounted on
opposite arms, and tested at the same time—there was a
difference in weight loss of as much as 309 . This result
emphasizes the statistical nature of the physical processes
involved. It also means that any analvtical model for
prediction of turbine crosion would, at best, have a
spread of about 50¢% arend the actual weight loss, and
furthcrmore, this vaiue would be possible only if droplet
size, trequeney, velocity, and impact angle were accu-
rateh predhcted. 1f the wncertainties in predicting the
droplet spectrum are taken into account, together with
uncertainties in predicted weight Joss for materials and
fluids different from those tested. then the best estimate
could be as much as 100<¢ from the actual value,

Erosion results obtained by Pearson were expressed in
the cquation: '

oM ]
W,

KV sin @ - V.)" cosec #

where

dA |

pT weight loss during initial steady period of

€rosion

i0

K, n, V. = constants which must be empirically

¥

determined for each material

i

# = angle of impact

V = velocity of impact

For the case of a 13%-chromium stainless steel, the
velocity constant V., was found to be 390 ft/sec. The
power of the velocity was 2.8, This result differs from
that of Hobbs, who finds the exponent of velocity to be
4.0. Pearson states that, as a general rule, the pcv stress
corresponding to his critical velocity seemed to be about
% the fatigue strength for iron-based alloys and about
equal to it for cobalt-based alloys. His results show in-
creasing losses with increasing droplet diameters, except
for some anomalous results at the lowest diameters. In
general, the pit width on the Marchwood erosion samples
showed a close correspondence to the droplet diameter
tested. Aluminum-ceramic whisker composites were
tested, but nothing remained except the whiskers.

Pearson believes fatigue strength is more important

than hardness as an indication of erosion resistance. Part

of the reason for his position is related to the fabrica-
bility of blading. Also. very hard materials tend to fail
catastrophically; this was shown by the spalling of some
of his test specimens. A material composed of 50% TiC
and 50% TiB. with a Vickers hardness of 2000 was very
erosion resistant but exhibited spalling. The spalling may
have been due to vibration from the rotor, however, so
this material may be suitable for static applications.
Hobbs believes hardness to be most important in deter-
mining the length of the incubation period, or time of
zero weight loss. He maintains that extending this period
by increasing hardness may be the hest approach to
erosion resistance. He feels fatigue strength is an im-
portunt property primarily when the material is-alrcady
failing. Hobbs has used hardness to correlate his erosion
test data and has obtained very consistent results..

Two outstanding exceptions to Hobbs™ data correlation
are aluminum bronze and stellite, both of which exhibit
superior erosion resistance to materials of the same hard-
ness. Both he and Pearson believe that the difference is
possibly related to the combination of a ductile matrix
and finely dispersed hard phase which occurs in both of
these materials. They reason that the presence of the
hard phase may limit the initial deformation of the ductile
phase, which was observed during the incubation period
by Cambridge and CERL. On this basis, it would appear



that the microstructure of alloys currently being devel-
oped for-possible use in liquid metal turbines should be
an important parameter in erosion resistance.

One of the erosion-rate curves generated by Hobbs is
given in Fig. 7. He interprets his data as an incubation
period followed by an initial high rate and then a lower

steady-state rate. However, as can be seen, the curve

drawn through the data is only one of several possible
interpretations. Also, the test duration was not sufficient
to determine if the final steady-state value exists or if
the erosion rate may still fluctuate, as in Heymann's
model (Ref. 13). Hobbs concludes that the first steady-

JPL TECHNICAL MEMORANDUM NO. 33-271

state zone is the important characteristic of the material.
Further, he finds that this zone extends over a constant
volume of material removed, as i Fig. 8. The decline
toward a constant lower rate begins ot about the same
value of material removed or penetration depth.

The curves shown were obtained for different materials
exposed to the same jet velocity and diumeter, As pre-
viously discussed by Heymann, this result emphayizes
the dependency of erosion rate on the surface state.

Experiments at Cambridge have shown two ways in
which alteration of the surfuce have decreased the erosion
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Fig. 7. Er&sion rate vs time for a typical stainless steel specimen {from J. M. Hobbs)
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:
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Fig. 8. Influence of total material volume loss on
erosion rate (after J. M. Hobhs)

rate. First. in the tests that Field conducted with oil films
on surfaces the crosion was shown to be reduced by an
order of magnitude. He attributes this result to the fact
that the oil film covers surfuce drregularities and, thereby,
reduces the tearing action of the transverse flow. It
should be noted that no effeet was observed by DeCorso
for single-impact experiments {Ref. 14). However, liguid
film protection has also bheen demonstrated in multiple-
impact experiments at JPL {Bef. 13) and by Hobbs. The
high values of surface tension and wettability of liguid
metals may provide a similar type of protection for tur-
bine blades in these mediu

The other effect found by Field was that chemical
etehing of surfaces inereases the resistance to both single
and multiple impact, This effect was also found by Hobbs,
as iHustrated in the curves of Fig, 9. Notice that the
better surface finish delaved the inception of erosion, but
once it started. the same rate of weight loss nccurred for
all specimens. The reason advanced by Ficld for this
behavior was that the etching process rounded the cor-
ners in surface imperfections which, otherwise, would
provide large stress-risers for liguid impact pressures.
The formation of pits is therefore deluyed. However,
once the pits are formed, material removal occurs within
them, and the weight loss is independent of the initial
surface treatment. '
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Fig. 9. Influence of surface finish on weight loss
{after J. M. Hobbs)

To summarize, the work in Great Brituin has provided
a good deal of information on basic mechanisms of
crosion. In particular, this work has shown conclusively
thuat it is possible for a metal to undergo local yielding
under impact or hydrostatic stresses that are many times
fower than the average stress required to cause vield, or
fatigue failure. The observed behavior may suggest the
reason for the binary phase allovs of stellite and alumni-
num bronze cxhibiting superior erosion resistance to that
of normal allovs. This result also suggests that physically
similar refractory metal alloys should be evaluated for
use in liquid metal turbines. Good correlations of weight
loss vs material properties, as well as liquid impact param-
cters, have been developed at Marchwood and National

Engineering Laboratory (NEL); these may provide bases

for predicting crosion behavior for different materials
and fAuids. The random nature of the removal process is
responsible for a good deal of variation in all of the
results noted thus far and, undoubtedly, will limit the ac-
curacy of any prediction method.
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" VH. EXPERIMENTAL APPARATUS

The most significant advance in erosion instromenta-
tion is the photographic technique developed by CERL
for obtaining films of moisture in operating turbines. The
initial apparatus developed used conventional optics and
light sources. Two major problem areas were encountered
—fogging of the periscope lens (Fig. 10) and reflections
from fog-like droplets. The former was solved by blow-
ing air across the lens and the latter by moving the light
source to obtain satisfactory transmission.

Christie provided a very complete description of the
apparatus, Figure 10 shows the periscope that was de-
veloped for the CERL work; it has a tungsten light on a
swivel at the remote end. Christic said that a tilting
mirror, mounted behind a pressure-tipht glass window,
adjacent to the light source, allows the direction of view
to be turned at right angles to the main body of the
periscope. The lens in the tube brings the image reflected
down the tube to focus at the focal plane of cither a
camera or a microscope evepiece, A Hexible seal at the
outer easing of the turbine permits the periscope to scan

along a single biade; and by raising or fowering the inuer

end of the periseope, several adiacent nozede blades can
be examined,

The necessity for backlighting the droplets to obtain
satisfactory photographs is pointed out by Christie. This
is achieved by use of a quartz-rod light gnide to transinit
light from an external source into the Jdearance space
between the ast stage stator and rotor. The external
source used was a 20-] venon flash, A mirror and lens was
nsed to direct the Tight behind the water droplets. The

light pulses from the xenon flash were synchronized with
the camera to give a maximum of 25 flashes/sec with a
pulse duration of 4 gsec.

~ The high-velocity wet steam flowing throngh the last
low-pressure stage was said to resemble a thick fog. which
caused a good deal of light scatiering. A 200-w guartz-
iodine famp focused on the blade provided a light level
of only 1 to 2 ft-¢ at the film plane,

Later work at CERL has been directed toward using
a laser light source. The reasons for use of u faser are it
provides a higher intensity and shorter pulses than does
the xenon flash, thereby enabling much smaller droplets,
traveling at higher velocities, to be photographed. CERL
had just obtained some still photographs of droplets with
the laser; there was ample intensity to penetrate the fog-
like droplets. The Taser beam was introduced through a
polished hollow tube with normal optics. A yround-end
prism was used to break up the vohereney of the beam,

Another fanevation being used ot CERL to measure
droplet size is an electrostatic probe, This deviee is a
charged wire that i discharged when mpacted by a
droplet. Since droplets usually have a charge. the unit
has to be operated at two different potentials to subtract
out droplet charges. The calibrations for this deviee
appeared to be very linear. The cirenit is shown sche-
matically in Fig. 12, together with the typical discharge
cunve. The characteristic decay time of ~ 50 paec fixes
the maximum counting rate to about 20,000 droplets/sec.
This instrament is deseribed in detail in Ref, 16,

i3



33-271

JPL TECHNICAL MEMORANDUM NO

ONIQV8 39ViS
IUNSSIHd MO

(143D 4244p) 2uiqan} u; adodsuad jo uonpjpIsul 01 ‘B4

JIVdS WANOYA ISNYHX3

3d00SIH3d

ONISVD H3GNITAD
3HNSS3Hd MOT

WOOY 3INIONI

14



JPL TECHNICAL MEMORANDUM NO. 33271

FIXED
NOZZLE

BLADES\

S

ROTATION

]
\ / .
%

/DROPLETS PERISCOPE
v / A

PULSED

LIGHT
MOVING
SQURCE, BLADES
Fig. 11. Geomeiry of optics and turbine blading (after CERL)
3
&

i5



JPL TECHNICAL MEMORANDUM NO. 33-271

HIGH
VOLTAGE
SUPPLY

.....
VY

PULSE HEIGHT

ANALYZER
AMPLIFIER

PROBE | l

p. ]

SCALER

I

CATHOOE
FOLLOWER
RATE
METER
-
<
i
@
ar
juo
(8}
¥\
~50 1 sec
~lusec ‘
TIME

Fig. 12. Schematic of electrostatic droplet probe circuit and typical pulse (after CERL)
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Viil. CONCLUSIONS

Research on turbine erosion, including its associated
phenomena, is quite advanced in Great Britain. This
appears to be due mainly to an carly recognition of the
problem and a decision to attack it on a basic, rather
than applied, level. While the equipment and facilities
appear to be less sophisticated than those available in
the United States, a good deal of basic thought and
ingenuity has been applied to the equipment available,
and meaningful tests have been conducted.

The results of work with steam in Great Britain cannot
be directly applied to the problem of erosion in liquid
metal turbines. However, the following general con-
clusions were formed as a result of information acquired
on this visit:

1. Existing condensation theory is probably adequate
for liquid metals. However, a definitive experiment
is lacking, and accurate data on surface tension is

needed, ‘

o

. Location of the reversion point in a region of high
pressure gradient is a promising technique to re-
duce erosion.

3. Gyarmathy's treatment of collection should be ade-
quate for Hquid metals: however. a definitive steam
test is needed to choose between his model and
Gardner's.

4. The flow phenomena that dominate droplet shed-
ding and breakup are the occurrences of wakes
and secondary Hows. The shedding phenomenon is
repeatable and, from the CERL films, appears
amenable to analysis. Increases in the stator-rotor
gap should increase breakup, resulting in decreased
erosion,

5. The area average peak-impact pressures are given
by the water hammer pressure pev. However, local
pressures can result from Munroe jets, cavitation,
or adiabatic compression which exceed this value
by a factor of 2 to 3 or greater. The duration of
the applied pressure is proportional to the diameter
of the impacting droplet or jet.

6. The initial damage in multiple-impact erosion is
due to local weak areas in the material which

yield under stresses much lower than the bulk vield
strength, or fatigue strength. This stage of damage
appears to be reduced by using materials with
very hard phase that is finely dispersed in a ductile
matrix. Therefore, the physical micro-structure is
an important parameter to-be investigated in the
development of erosion-resistant alloys for liquid
metals.

7. The extent of the influence of corrosion on material
removal is not vet understood for water. Some in-
vestigators feel it may play an important role,
hecause of the high flow velocities, If this is true,
‘corrosion cffects should he very pronounced with
liguid metals,

8. Some mechanical damage reduction may occur
with liquid metals because of the high degree of
wetting and the subsequent surface film adherence.

9. Current correlations of erosion rate for water vs
material hardness or fatigue strength may provide
a crude basis for estimating mechanical liquid-
metal erosion. However, liquid-metal multiple-
impact tests on refractory metal specimens must
be obtained before even a moderate degree of con-
fidence can be placed in any erosion model.

10. The statistical behavior of the erosion process is
such that a great many specimens must be tested
for a givenset of parameters to obtain a satisfactory
average., The spread of the resulting data is such
that an crosion model can probably provide a de-
signer only with an erosion estimate which is valid
to within a factor of 2 or 3.

11. The optical measurements in operating turbines
and cascades made at CERL appear to be the
result of straightforward techniques. Application
of these technigues to small geometries with steam
appears feasible; the possibility also exists for their
eventual application to liquid metals through the
use of sapphire windows. The electrostatic probe
developed at CERIL can be applied directly to
liquid metal turbines to measure droplet size.
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